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We report the direct measurement of the persistent current carried by a single electron by means of 
magnetization experiments on self-assembled InAs/GaAs quantum rings. We measured the first 
Aharonov-Bohm oscillation at a field of 14 T, in perfect agreement with our model based on the structural 
properties determined by cross-sectional scanning tunneling microscopy measurements. The observed 
oscillation magnitude of the magnetic moment per electron is remarkably large for the topology of our 
nanostructures, which are singly connected and exhibit a pronounced shape asymmetry.
DOI: 10.1103/PhysRevLett.99.146808
In quantum  mechanics, particular attention is paid to 
phenom ena occurring due to the phase coherence of charge 
carriers in doubly connected (ring) topologies. Electrons 
confined to a submicron ring manifest a topologically 
determ ined quantum-interference phenomenon, known as 
the Aharonov-Bohm  (AB) effect [1], as a result o f the 
oscillatory behavior of their energy levels as a function 
of an applied magnetic field. This behavior is usually 
associated with the occurrence of oscillatory persistent 
currents in  the ring [2 - 4]. Experimental evidence for AB 
oscillations has been detected in the mesoscopic regim e in 
metallic [5,6] and semiconducting [7 ,8] rings, containing 
many electrons. We address the occurrence of the AB 
effect in defect-free self-assembled semiconductor nano­
structures [9 - 13]. The ability to fill nanostructures with 
only a few (1 -2 ) electrons offers the unique possibility to 
detect magnetic field induced oscillations in the persistent 
current carried by single electron states. We report the first 
direct m easurement by means of ultrasensitive m agnetiza­
tion experiments of the oscillatory persistent current car­
ried by a single electron in self-assem bled InAs/GaAs 
‘‘volcanolike’’ nanostructures. Remarkably, this single 
electron current occurs even in the absence of an opening 
[14] in our nanostructures, which is required for the AB 
effect in the standard treatment [1]. The magnetic field at 
which the first oscillation in the magnetic moment arises is 
much higher than expected from  the diameter of the quan­
tum  rings as determ ined by atomic force m icroscopy [13]. 
However, the experiments are in good agreement with a 
model based on the structural parameters as determined 
with cross-sectional scanning tunneling microscopy 
(XSTM ) measurements.
The persistent current was determ ined via the magnetic 
mom ent of electrons in a highly homogeneous ensemble of 
InAs self-assembled nanostructures. The sample was 
grown by molecular beam  epitaxy and contains 29 m utu­
ally decoupled periods [Fig. 1(a)] [15]. Each period con-
PACS numbers: 73.21.La, 73.23.Ra, 78.67.Hc
sists of a nanostructured InAs layer, between two 24 nm  
GaAs layers, and a 2 nm  doped (7 X 1016 cm ~3 Si) GaAs 
layer that provides electrons to the InAs nanostructures. 
We used a one-dimensional Poisson solver [16] to estimate 
the average num ber of electrons per nanostructure to be 
about 1.5. Considering the two possible spin orientations 
we assume that all electrons occupy the orbital ground 
state. The sample is capped by a final nanostructured layer. 
By performing atomic force m icroscopy (AFM) on this 
layer, the nanostructure density was determ ined to be 9 X 
109 cm ~2 per layer. Photoluminescence (PL) experiments 
showed a single peak, indicating a unimodal size distribu­
tion, at 1.3 eV, which is typical for these nanostructures 
[10]. The FW HM  of the PL peak is 40 meV, from  which we 
estim ated a size dispersion of about 5%. It was shown [14] 
that performing AFM  on the top nanostructured layer is not 
suitable to determine the actual dimensions of a nano- 
stucture. Therefore a reference sample was grown under 
nom inally identical growth conditions as the sample m en­
tioned before, but now on a conductive substrate, suitable 
for XSTM  characterization. The XSTM  images revealed 
structures of about 11.5 nm  radius [Fig. 1(b)] [14]. M ost 
importantly, the shape of these nanostructures differs con­
siderably from  that of ideal rings in  two respects: (i) the 
presence of indium  in their center resulting in  the absence 
of a hole in the nanostructures and (ii) a distinct anisotropy 
of the nanostructure, i.e., the height of the rim  is larger in 
the [110] than in  the [110] direction [10,17].
The magnetic m om ent of the nanostructures is obtained 
from  magnetization experiments using a torque m agne­
tom eter [18]. These m easurements were perform ed at tem ­
peratures of T  =  1.2 K  and T  =  4.2 K  in magnetic fields 
up to 15 T. The total magnetization of the sample is due to 
about 1.5 X 1011 nanostructures with a total num ber of 
electrons N  ~  2.2 X  1011. These numbers are based on 
the AFM  measurements, the sample size of 7 X 8 m m 2, 
the Si flux during the growth, the thickness, and the number
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FIG. 1 (color online). (a) Layer structure of the InAs/GaAs 
sample for magnetization, consisting of 29 layers of self­
assembled InAs nanostructures. The nanostructures are located 
between two 24 nm GaAs layers. The repeated sequence con­
tains a modulation doping layer, which provides electrons to the 
nanostructured layers. Additional doping layers (blue or dark 
gray) are inserted to accommodate for the depletion toward the 
capping layer and the undoped substrate. (b) XSTM images of 
different cross-sections of two stacked nanovolcanoes in the 
reference sample. The images reveal the presence of indium 
(bright spots) in the center of the nanostructures, and a clear 
difference in the height of the rim between the [110] and [110] 
directions. This characterization leads to a realistic description 
of (c) the height profile and (d) the adiabatic potential for an 
electron in the nanostucture.
of the doping layers. Figure 2(a) shows the raw experi­
mental data as a function of the magnetic field B  for T  =
4.2 K and T  =  1.2 K [19]. Over the entire magnetic field 
range we observed a relatively large background signal, 
which is due to the substrate and to dia- and paramagnetic 
materials close to the sample [20 - 22]. On top of this 
background, one clearly observes an oscillation of the 
magnetization at a magnetic field of about 14 T. To en­
hance the visibility of this oscillation, a linear background 
is subtracted from  the signal. Furtherm ore, we normalized 
the signal to the total number of electrons N  in the sample, 
resulting in the magnetic moment per electron j  =  M /N  
[Fig. 2(b)]. The sensitivity of the magnetometer is 2.8 X 
10“ 12 J /T , i.e., 3 X 1011 j b at B =  14 T, and it is limited 
by mechanical noise, which is about 8% of the experimen­
tally observed oscillation magnitude.
To prove that the observed oscillation is not an artifact 
due to the background subtraction, we also plot the first 
derivative of the signal [inset to Fig. 2(b)], which is much
B (  T)
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FIG. 2 (color online). (a) Experimental curve of the magnetic 
moment M  at T  =  4.2 K and 1.2 K. An Aharonov-Bohm oscil­
lation is observed around 14 T, superimposed on a smooth 
background. (b) Oscillation in the magnetic moment per electron 
( j  = M /N ), obtained at 1.2 K and at 4.2 K, after subtracting the 
linear background from the signal, dividing by the total number 
of electrons N , and averaging over several measurements. The 
inset shows the first derivative of the experimental magnetic 
moment with respect to B at T  =  1.2 K. (c) Calculated magnetic 
moment, and its derivative (inset), of a single electron in a 
nanostructure at different temperatures. The calculations are 
based on the structural parameters of the nanovolcanoes, as 
obtained by XSTM measurements, and accurately reproduce 
the Aharonov-Bohm oscillation at B =  14 T.
less sensitive to the monotonous background. This proce­
dure reveals an oscillation around 14 T as a fingerprint of 
the AB effect. We perform ed several tests to ensure that the 
oscillatory signal does originate from  the magnetic m o­
ments of the ensemble of nanostructures. First, we polished 
away the epilayers of the sample, leaving behind only the 
substrate, and repeated the m agnetization experiment. This 
m easurem ent yielded a smooth background m agnetization 
curve without an oscillation around 14 T. Second, we 
perform ed Shubnikov-de Haas experiments by measuring
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the magnetoresistance of the sample up to m agnetic fields 
of 21 T. We found a high value of resistivity without any 
oscillatory behavior, which proves that there are no free 
carriers in the epilayers. Finally, we verified that the oscil­
latory signal is not related to de H aas-v an  Alphen oscil­
lations [23]. By estimating the electron density that would 
be necessary to reproduce the measured oscillation period, 
we found an electron density, which is 2 orders of m agni­
tude larger than is expected from  the doping levels. 
Therefore we conclude that the observed oscillations in 
the m agnetization are caused by the electrons confined in 
the self-assembled nanostructures.
A first step to interpret this result is to compare our 
quantum  ring to an ideal Ina55Gaa45As ring with a similar 
diameter of 11.5 nm  [14]. The electron energy E (e) spec­
trum  as a function of the m agnetic field, for such a ring, is 
shown in Fig. 3(a). The arrow indicates a changeover from  
the state with angular m om entum  '  =  0 to the state with 
'  =  — 1 as the ground state. The m agnetic mom ent for a 
single electron by x  =  — %  is calculated from  F , the free 
energy of the system. The changeover of the ground state 
of an ideal ring induces a jum p in the magnetization around
5 T. As we observe a distinct oscillation near 14 T, the 
simple model of an ideal ring is clearly not sufficient to 
describe our volcanolike nanostructures. Therefore we de­
termine the energy spectrum  as a function of the magnetic 
field of a more realistic model based on the XSTM  char­
acterization of the nanostructure [14] [cf. the scheme in 
Fig. 1(c)].
Figure 1(d) shows the in-plane adiabatic potential 
E/-1 (x, y) for a single electron in  a volcanolike nanostruc-
B(T)
FIG. 3 (color online). (a) The electron energy levels E(e') as a 
function of magnetic field for an ideal ring with radius 11.5 nm. 
The arrow indicates a changeover from a state with '  =  0 to a 
state with '  =  — 1 as the ground state, which takes place around 
5 T. (b) E(e) as a function of B  for a disc-shaped quantum dot. 
There are no crossings of the lower lying energy levels. (c) The 
realistic model of the volcanolike nanostructure reveals a 
changeover around 14 T.
ture. The potential has a finite central m axim um  (at x  =  
y  =  0), which makes the structure singly connected, as 
distinct from  a doubly connected ideal ring. Furthermore, 
the potential possesses two pronounced minima (at x  =  
± 11 .5  nm, y  =  0) separated by potential barriers (at x  =  
0, y  =  ± 11 .5  nm), reflecting the anisotropy of the nano­
structure. We used a model based on the Ham iltonian of an 
electron in a strained self-assembled nanostructure [24,25] 
and included piezo-electric effects [26]. The strain tensor 
and the distribution of indium  for the volcanolike geometry 
of the self-assembled nanostructures were calculated fol­
lowing a three-dimensional finite-element m ethod of elas­
ticity theory [27]. The Schrodinger equation was solved 
using the adiabatic approximation, separating electron de­
grees of freedom  into ‘‘fast’’ (the m otion along the growth 
axis) and ‘‘slow’’ (the in-plane motion) components. W ith 
the anisotropic adiabatic potential as depicted in 
Fig. 1(d), the Schrodinger equation for the slow degrees 
of freedom  determines the eigenstates of the in-plane 
motion. Finally, the electron energy eigenvalues in  the 
nanostructure were obtained by diagonalizing the adiabatic 
H am iltonian for the slow degrees of freedom  in the basis of 
the in-plane wave functions with 20 radial and 25 azimu­
thal functions [19]. The resulting electron energy spectrum 
is shown in Fig. 3(c). The corresponding magnetization 
curve is plotted in Fig. 2(c), where we averaged over a 
nanostructure ensemble with a size dispersion of 5%, con­
sistent with the w idth of the PL peak.
M ost importantly, our model accurately explains the 
position of the observed AB oscillation around 14 T, rather 
than at 5 T expected for an ideal ring of the same radius. 
The difference in the position of the AB oscillations is due 
to the influence of strain in the self-assembled volcanolike 
nanostructures as well as to the singly connectedness of 
these nanostructures. A t low fields the electronic ground 
state has a dominant com ponent with angular m om entum  
zero and is relatively sensitive to the confining potential. In 
an ideal ring of radius R  the ground state wave function is 
concentrated at p  =  R  and vanishes at the center of the 
ring (p  =  0), where the potential is infinitely high. For a 
singly connected structure the adiabatic potential has a 
finite height and thus a nonzero wave function at p =  0. 
In comparison to an ideal ring, the electron density is 
therefore shifted toward the center, leading to a smaller 
effective radius and a higher magnetic field for the first AB 
oscillation. We also compare our volcanolike nanostruc­
ture with a disc-shaped quantum  dot. Although both nano­
structures are singly connected, the behavior of the disc­
shaped quantum  dot is fundamentally different: no energy 
crossings occur for the lower energy levels [compare 
Figs. 3(b) and 3(c)] and consequently there are no AB 
oscillations due to the absence of a central m axim um  of 
the potential. Therefore, the actual profile of the confining 
potential is essential to interpret the phase-coherent elec­
tronic properties of these nanostructures.
Figure 2(c) also shows the calculated m agnetic moment 
for higher magnetic fields that are not yet accessible by
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m agnetization experiments. Com parison of the higher or­
der AB oscillations in realistic nanostructures with those in 
ideal quantum  rings discloses two major differences. First, 
the ratio of magnetic fields, at which the two first jum ps in 
the magnetic moment occur, is equal to 1:3 for ideal rings 
[Fig. 3(a)] and is approximately 1:2 for the self-assembled 
volcanolike nanostructures. As stated above, a diminished 
effective radius of the electron state with '  =  0 in the 
nanostructure leads to a pronounced shift of the first AB 
oscillation toward higher fields. This effect is less prom i­
nent for the states with higher angular m om entum  '  that 
determine the ground state for higher fields. As a result the 
shift o f the AB oscillations toward higher fields is rela­
tively smaller for states with higher ' .  The second differ­
ence betw een the calculated results for the volcanolike 
nanostructures and for the ideal rings consists in that for 
realistic nanostructures the higher order AB oscillations 
are strongly damped. This is a consequence of the presence 
of the m agnetic field in the rim  of the nanostructures, 
which enhances the electron localization close to the m in­
ima of the adiabatic potential.
In Fig. 2(c) the calculated results are plotted for three 
different temperatures. W ithout including size variations of 
the nanostructures, the calculated amplitude of the AB 
oscillations increases with decreasing temperature. 
However, a negligible temperature effect on the electron 
m agnetic m om ent in our model [see Fig. 2(c)] is due to the 
nanostructure ensemble averaging, as was observed experi­
mentally [see Fig. 2(b)]. As a final remark, the experim en­
tal value for the oscillation magnitude of the magnetic 
mom ent per electron, A ^  ~  17 ^ B, is higher than the 
4 ^ b , which we calculated based on the XSTM  analysis. 
Calculations showed that the magnitude is sensitive to the 
exact structural properties, such as the indium  concentra­
tion and the shape. A magnitude of 1 7 ^ B at the observed 
transition magnetic field position is readily achieved for 
slightly modified nanostructures. It is realistic to assume 
that the nanostructures in  the sample used for the m agne­
tization measurements are somewhat different from  those 
in the reference sample used for the XSTM  characteriza­
tion. Furthermore, the num ber of electrons confined in the 
quantum  rings and the size and shape of the quantum  rings 
determine the magnetization as a function of the magnetic 
field [28]. It is therefore interesting to vary the doping 
concentration in order to detect the effect of the num ber 
of electrons confined in the quantum  ring on the m agneti­
zation behavior.
In conclusion, we demonstrate, using advanced growth 
capabilities, experimental characterization and theoretical 
modeling, the existence of an oscillatory persistent current 
in self-assembled nanostructures containing only a single 
electron. Even though the nanostructures under investiga­
tion are singly connected  and anisotropic, they show the 
AB behavior that is generally considered to be restricted to 
ideal (doubly connected) topologies. These results dem on­
strate the possibility to design and fabricate nonmagnetic 
semiconductors with magnetic properties, which can be 
controlled by tuning the size and shape of self-assembled 
nanostructures.
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